2
Introduction
Encephalomyocarditis virus (EMCV) and Theilovirus (ThV), are members of the Cardiovirus genus (family Picornaviridae), comprising one and 12 serotypes, respectively (Minor et al. 1995) . Initially, the degree of relatedness of diverse poliomyelitis and mouse encephalomyelitis viruses was not clear (Dick 1949; Bautista et al. 1957) , but the original Columbia-SK, EMC and Mengo isolates, as well as viruses from diverse hosts, sampled across a broad geographical range, are now all recognised as members of a single EMCV species and serotype (Craighead 1965 , Zimmerman 1994 .
The virus has an extremely broad host range, occurring in murid rodents, domestic and wild pigs (Maurice et al. 2005) , various captive species (Thomson et al., 2001 ) and even humans (Dick et al. 1948 , Tesh 1978 , Obertse et al. 2009 ). Clinical outcomes range from inapparent, to acute and highly lethal infections (Thomson et al. 2001) . Aside from outbreaks in pigs (Knowles et al. 1998; Maurice et al. 2005; Denis et al. 2006) , sporadic outbreaks are recorded in zoos and invariably affect a wide range of species (Reddacliff et al. 1997 , Canelli et al. 2010 , however, primates and elephants appear to be particularly susceptible (Simpson et al. 1977 , Tesh & Wallace 1978 , Seaman & Finnie 1987 , Jones et al. 2011 . Murids are generally considered to be the virus reservoir hosts (Zimmerman 1994 , Thomson et al., 2001 ), but a possible role for wild boars in the epidemiology of the disease in domestic pigs in Europe, has been suggested (Billinis 2009) . Although EMC has an essentially worldwide distribution, the molecular characterisation of viruses primarily corresponds to pig isolates from Europe, Asia and America. Data from Africa is limited to isolates from rhesus macaques, sampled in Uganda in the 1940s and to an isolate from a semi-wild bonobo in the Democratic Republic of Congo, sampled in 2009 (Jones et al. 2011) . van Sandwyk, et al., Veterinary Microbiology, http://dx.doi.org/10.1016 /j.vetmic.2012 4 EMC outbreaks are rarely recognised in southern Africa, however, two outbreaks affecting domestic and wildlife species have been documented in South Africa (Williams, 1981 , Grobler et al. 1995 . The first in 1979 was restricted to pigs in Kwa-Zulu Natal Province (Williams, 1981) , and the second occurred in a free-ranging population of African elephants (Loxodonta africana), between December 1993 and November 1994 in the Kruger National Park (KNP). The latter outbreak was notable for its marked genderbias; of the 64 animals that succumbed, 83 % were adult bulls (Grobler et al. 1995) .
In common with other picornaviruses, the Cardiovirus genome consists of a single open reading frame 7800-8200 bases in length, encoding a single polyprotein comprising three regions,P1, P2 and P3, that each encode five (L, 1A-1D), three (2A-2C) and four (3A-3D) non-overlapping genes (Hughes, 2004; Simmonds, 2006) . The P1 region, encoding the VP4 (1A), VP2 (1B), VP3 (1C) and VP1 (1D) structural proteins, contains the major antigenic sites of the virus (Scraba & Palmenberg, 1999) , and the VP3/1 junction has proved valuable for determining relatedness of outbreak strains (Knowles et al. 1998) .
Similarly, the 3D gene, encoding the RNA-dependent RNA polymerase (RNA replicase), is often used for molecular epidemiology studies (Vanderhallen & Koenen 1998; Koenen et al., 1999; Denis et al. 2006; Jones et al. 2011) , and is the best-represented gene in the GenBank database, with sequences for more than 60 strains, predominantly from swine, presently available.
As replication in lytic viruses takes place several times in a single infectious cycle, and as the high mutation rate of picornavirus RNA replicase (3D gene) results in approximately one mutation per replication cycle (Drake et al., 1998) , the resulting viral genome copies are not identical. Instead a 'master sequence' predominates in the quasispecies or 'swarm of mutants' (Eigen, 1996) , that can be determined by PCR amplification and sequencing of all variants present. This was the approach taken here to characterise one pig and two van Sandwyk, et al., Veterinary Microbiology, http://dx.doi.org/10.1016 /j.vetmic.2012 5 elephant isolates from South Africa, with the aim of determining relatedness and possible origins of these viruses, and to establish a regional reference sequence database.
Materials & Methods

RNA extraction and cDNA synthesis
Three isolates, one designated SAR/1979 obtained from the outbreak in pigs in 1979, and two from the 1993/4 outbreak in African elephants, designated KNP/17/94 and KNP/19/94 were obtained from the South African National Institute for Communicable Diseases (NICD) virus bank. Total RNA was extracted using the Zymo Research Mini RNA Isolation II kit (Zymo Research) and cDNA was synthesised using a random hexanucleotide approach which has previously been used for detection and characterisation of picornavirus genes (Meyer et al., 1991; Bastos, 1998) 
PCR amplification
Primers, designed specifically for this study (summarised in Annealing temperature and extension times varied between reactions and were guided by the primer with the lowest calculated Tm of each primer pair (Table 1) , and by the length of the fragment being targeted, respectively. The size of amplified products was assessed by 1.5 % agarose gel electrophoresis against the GeneRuler TM 100 nt Plus DNA Ladder (Fermentas).
Nucleotide sequencing and analysis
PCR products of the expected size were purified using a High Pure PCR Product Purification Kit (Roche Applied Science). Dye-terminator cycle sequencing was Similarly, the 3D sequences generated for the South African isolates, were submitted to GenBank under accession numbers JX102656-8 and were used to identify homologous sequences in the database.
Three datasets (P1, VP3/1 and 3D) were ultimately compiled for phylogenetic analysis and each contained all available, homologous EMCV data currently in GenBank. The final, aligned P1 dataset used for phylogenetic analysis and comprising the three South selection for the Minimum evolution (ME) and Maximum Likelihood (ML) analyses performed in MEGA v. 5 (Tamura et al., 2011) and PhyML v 3.0 (Guindon & Gascuel, 2003) , respectively, and for the selection of priors for the Bayesian inference (BI) performed with Mr Bayes v 3.1 (Huelsenbeck & Ronquist, 2001) . Nodal support for ME van Sandwyk, et al., Veterinary Microbiology, http://dx.doi.org/10.1016 /j.vetmic.2012 8 and ML was assessed by 10,000 and 5,000 nonparametric bootstrap replications, respectively. For the BI analyses four chains were run for 10 × 10 6 generations using random starting trees with default heating and swap parameters. Resulting trees and parameters were recorded and split frequencies were compared every 1000 th generation to ensure convergence. Tracer plots were inspected to ensure that trees were sampled from the region of stationarity, and two independent runs were performed for each dataset.
Results
Phylogenetic inferences of all three genome regions confirmed the sister relationship between the 1994 KNP elephant outbreak strains and the original 'Mengo' virus isolates from Uganda (Figures 1-3 ). High levels of support were obtained for this grouping with all three gene regions and across all methods of phylogenetic inference. In contrast, although the P1 analysis (Fig. 1 ) confirmed the sister relationship of the 1979 swine outbreak strain from South Africa (SAR/1979) to a lineage that is comprised primarily of isolates derived from global (China, Korea, Belgium and Panama) swine EMCV outbreaks and of rodent strains from the USA (100% for node J), nodal support for this relationship was ≤ 75 % and ≤ 57 % in the VP3/1 (Fig. 2) and 3D (Fig. 3) phylogenies, respectively.
The P1 and VP3/1 phylogenies recovered three monophyletic EMCV lineages, corresponding to previously defined groups (Koenen et al. 1999) . In keeping with the original description of these major groups, these lineages are denoted A to C (Figs 1-3 ), and were consistently recovered for all three gene regions analysed. A fourth lineage, tentatively denoted 'Lineage D', is only known from two unpublished 3D gene records that list Orang Utang as the host species (Fig. 3) . Based on available 3D data, the lineages 
Discussion
Reports of clinical EMC and of genomic characterisation of cardioviruses from Africa and southern Africa in particular (Dick 1949 , Williams 1981 , Grobler et al. 1995 , Jones et al. 2011 , are rare. Whereas numerous strains have been isolated and characterised globally from outbreaks in domestic pigs (Maurice et al. 2005) and from putative murid rodent hosts in close proximity (Billinis 2009 ), reports of the disease in wild and exotic animals are sporadic and generally limited to captive populations in North America, Australia and Europe and their associated rodent populations (Wells et al. 1989; Redacliff et al. 1997; Canelli et al. 2010) . In contrast, Africa is the only continent from which outbreaks of the disease have been reported from a population of semi-wild primates (Jones et al. 2011) or from a natural population of elephants (Grobler et al. 1995) . It is also the origin of one of the first EMC virus isolates, viz. the Mengo virus 'M' strain from Rhesus macaques in Uganda (Dick et al. 1949) . Despite a long presence on the continent, isolated reports of the disease in pigs are confined to Cote d'Ivoire and to South Africa. In the present study, three EMCV isolates from outbreaks in domestic and wild animals in The origin of the two nearly identical elephant viruses is likewise unclear, but as the outbreak coincided with a rodent irruption and was confirmed by PCR in endemic
Mastomys rodents from the same game park (Grobler et al. 1995) , it is likely that the virus, which was most closely related to an isolate of East African origin (Fig 1-3) , represents a regionally endemic lineage. Serological screening of sera from a range of rodents captured at the same time as the elephant outbreak revealed that Mastomys rodents had the highest seroprevalence (38 %), implicating members of this rodent genus as likely reservoirs of infection (Grobler et al. 1995) . In addition, unpublished records at NICD indicate that 26 EMCV isolates were made from rodents, mainly Mastomys, collected in surveys at four widely separated locations in South Africa, between 1961 to 1968. Although the rodent isolates were not available for inclusion in the present study, the implication is clear that there is endemic circulation of virus in the country. Future studies should therefore be directed at determining the rodent reservoir host species, using a combination of serology, virus isolation and nucleotide sequencing in order to determine the prevalence and diversity of EMC viruses in endemic South African rodents. / ME / BI. Sequences highlighted in grey indicate isolates that are common to all three genome region phylogenies, whilst those generated in this study are indicated in bold.
Taxon labels comprise the GenBank accession number, followed in brackets by the isolate name, host species, country of origin and year of isolation. * Indicates a laboratory strain (Rz-pMwt, derived from the 'M' mengo virus isolate). and Bayesian inference (BI) analyses are summarized for each of the nodes (labeled A-T) as follows: NJ / ML / ME / BI. Sequences highlighted in grey indicate isolates that are common to all three genome region phylogenies, whilst those generated in this study are indicated in bold. Taxon labels comprise the GenBank accession number, followed in brackets by the isolate name, host species, country of origin and year of isolation. * Indicates a laboratory strain (Rz-pMwt, derived from the 'M' mengo virus isolate). 
